the o r i g i n a l waves. The mechanisms whfch couples the waves together involves the interaction of t h e c a r r i e r s bunched by one of the waves with the f i e l d s induced by the other wave. The second process involves the interaction between a forward traveling ultrasonic wave and a microwave radiation f i e l d t o generate a backward traveling ultrasonic wave (phonon echo) and an amplification of t h e forward trave l i n g wave. In piezoelectric semiconductors i n the presence of a d.c. e l e c t r i c f i e l d , t h e need f o r a threshold microwave f i e l d f o r the generation of the echo wave and the amplification of the forward traveling wave can be eliminated under certain circumstances.
Nonlinear processes involving the interaction of phonons with each other o r with photons provide a mechanism f o r generating high frequency phonons i n the microwave frequency range. These nonlinear processes can be d r a s t i c a l l y effected by the presence of d r i f t i n g c a r r i e r s i n a semiconductor. The nonlinearities which give r i s e t o the parametric amplification of microwave phonons i n semiconductors originate e i t h e r from the nonlinear properties of t h e media (such a s the existence of t h i r d order e l a s t i c coefficients, electro-optical coefficients, photoelastic coefficients, etc.) or from the nonlinear currents generated when charge c a r r i e r s bunched by one wave i n t e r a c t with the f i e l d s induced by t h e other wave.
The basic equations which ggvern the behavior of the system of phonons interacting with each other, a s well a s with electrons and photons, a r e t h e equation of motion of the l a t t i c e i n the e l a s t i c continuium approximation where ui is t h e amplitude of t h e ultrasonic wave and Tij i s t h e s t r e s s tensor, 
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Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19816198 n o n f e r r o e l e c t r i c material, t h e f r e e energy F can be expanded i n powers of t h e 1 s t r a i n and t h e e l e c t r i c f i e l d w h i l e i n a f e r r o e l e c t r i c m a t e r i a l , i t can b e ex-2 panded i n powers of t h e s t r a i n and t h e p o l a r i z a t i o n . The stress tensor can be 1 obtained from t h e f r e e energy using t h e r e l a t i o n a F T.. =as
while the e l e c t r i c displacement vector and e l e c t r i c f i e l d vector can be obtained from t h e f r e e energy using t h e r e l a t i o n s and The c u r r e n t d e n s i t y induced a t a frequency w3 can a l s o h e expanded in powers of t h e e l e c t r i c f i e l d where w l h 2 = w 3 The nonlinear term i n t h e current density a r i s e s from t h e mixing of waves of d i f f e r e n t frequencies t o generate waves a t t h e sum o r d i f f e r e n t frequency. By expanding t h e f r e e energy up t o terms of t h i r d order i n t h e product of t h e s t r a i n and e l e c t r i c o r p o l a r i z a t i o n f i e l d s , we can obtain t h e terms i n t h e i n t e r a c t i o n which couple t h e phonons, photons and e l e c t r o n s together i n t h e lowest order t o give r i s e t o parametric amplification of phonons i n semiconductors.
W e now consider two d i f f e r e n t processes i n which waves can b e coupled together by t h e nonlinear terms t o generate new waves a t t h e sum and d i f f e r e n c e frequencies of t h e o r i g i n a l waves. I n t h e f i r s t process, two u l t r a s o n i c waves a r e coupled
together t o generate e i t h e r harmonics o r subharmonics of t h e o r i g i n a l waves . The e l e c t r i c f i e l d s which appear i n t h e second term of t h e c u r r e n t density, Eq.(5), a r e then t h e p i e z o e l e c t r i c f i e l d s induced by each of t h e u l t r a s o n i c waves. I n t h e second process, t h e r e is an i n t e r a c t i o n between an u l t r a s o n i c wave and a microwave electromagnetic wave t o generate an echo u l t r a s o n i c wavelp2 o r between two oppositely d i r e c t e d u l t r a s o n i c waves t o generate a microwave r a d i a t i o n f i e l d .

The e l e c t r i c f i e l d s i n t h e second term of t h e c u r r e n t density a r e t h e r a d i a t i o n f i e l d and t h e p i e z o e l e c t r i c f i e l d accompanying t h e u l t r a s o n i c waves. I f t h e nonl i n e a r coupling terms a r e small, we can w r i t e t h e displacement due t o t h e u l t r as o n i c wave and t h e e l e c t r i c f i e l d s due t o t h e electromagnetic wave a s plane waves
modulated by a slowly varying amplitude A, E(z,t) , u ( z , t ) a A(z)expi(qz-wt)
where q and w a r e t h e wave vector and frequency of t h e p a r t i c u l a r wave. The slowl y varying amplitudes of t h e waves obey a d i f f e r e n t i a l equation of t h i s form
C6-678 JOURNAL DE PHYSIQUE
Here Ai, A and Ak a r e t h e slowly varying amplitudes of t h e waves which a r e coupled j together, ai is t h e l i n e a r l o s s c o e f f i c i e n t f o r t h e i t h wave and q Ls t h e noni j k l i n e a r coupling c o e f f i c i e n t which couples t h e t h r e e waves together. These coupled equations have been solved t o o b t a i n t h e generation of u l t r a s o n i c waves f o r t h e
1-4
d i f f e r e n t processes mentioned above
. The r e s u l t s obtained depend upon t h e magnitude, frequency and e l e c t r i c f i e l d dependence of t h e nonlinear coupling co-5 e f f i c i e n t nijk .
For t h e f i r s t process, which involves t h e mixing of u l t r a s o n i c waves t o gener a t e u l t r a s o n i c waves a t t h e sum o r d i f f e r e n c e frequency, t h e nonlinear coupling c o e f f i c i e n t gives r i s e t o a nonlinear gain which depends on t h e s t r a i n f i e l d accompanying t h e i n i t i a l wave a~~ = -a + M lsco)I 2q The nonlinear coupling i s enhanced i n p a r a e l e c t r i c and f e r r o e l e c t r i c m a t e r i a l s because of t h e l a r g e r nonlinear m a t e r i a l parameters i n t h e s e substances. Eq,(8)
gives t h e nonlinear f o r t h e case of subharmonic generation. For harmonic generat i o n , t h e i n t e n s i t y of t h e generated wave is d i r e c t l y proportional t o n. 
where and % is t h e amplitude of t h e microwave f i e l d . I n t h e presence of d r i f t i n g c a r r i e r s , a >a where t h e s u b s c r i p t s i and e denote q u a n t i t i e s associated with i e' t h e i n i t i a l and echo waves, and t h e condition given i n Eq.(9) can be s a t i s f i e d with n e g l i g i b l y small threshold microwave e l e c t r i c f i e l d s .
